We measure the depth of an optical atom trap using repulsive trap-loss collisions. These collisions involve excitation by a laser tuned to a frequency above the atomic resonance. Simple conservation of energy considerations give direct quantitative measurements of the trap depth. Further analysis allows measurement of the escape probability as a function of energy. We apply the methods to Rb traps, and use the results to form conclusions about ground-state hyperfine-changing collisions. ͓S1050-2947͑96͒51208-4͔ PACS number͑s͒: 32.80. Pj, 33.80.Ps, 34.50.Rk Laser cooling and trapping techniques produce high density samples of atoms for a great variety of experiments in atomic physics. These samples are of interest in their own right, being of sufficiently low temperature and high density to exhibit a wide variety of new phenomena. For example, interactions with electromagnetic fields strongly alter the dynamics of ultracold collisions of excited atoms ͓1͔. New forms of high-resolution spectroscopy allow precision studies of both ground-and excited-state potentials of alkalimetal dimers ͓2͔. Novel collective phenomena result from the long-range radiative interactions between the trapped atoms ͓3͔. Atoms can be ordered in optical lattices ͓4͔. Lasercooled atoms also serve as a convenient starting point for many other experiments. These include atom interferometry, ͓5͔ quantum optics ͓6͔, and the recent observations of Bose condensation ͓7͔. An application to more traditional atomic physics is the recent use of a laser trap for making reliable absolute measurements of electron-atom cross sections ͓8͔. As with any tool, diagnostics are essential to understand the operation and characteristics of atom traps. To this end, a variety of techniques are used for measuring parameters such as temperatures ͓9-11͔, spring constants ͓12͔, friction coefficients ͓13͔, densities, spin-polarization ͓14͔, and fluorescence spectra ͓11,15͔.
Laser cooling and trapping techniques produce high density samples of atoms for a great variety of experiments in atomic physics. These samples are of interest in their own right, being of sufficiently low temperature and high density to exhibit a wide variety of new phenomena. For example, interactions with electromagnetic fields strongly alter the dynamics of ultracold collisions of excited atoms ͓1͔. New forms of high-resolution spectroscopy allow precision studies of both ground-and excited-state potentials of alkalimetal dimers ͓2͔. Novel collective phenomena result from the long-range radiative interactions between the trapped atoms ͓3͔. Atoms can be ordered in optical lattices ͓4͔. Lasercooled atoms also serve as a convenient starting point for many other experiments. These include atom interferometry, ͓5͔ quantum optics ͓6͔, and the recent observations of Bose condensation ͓7͔. An application to more traditional atomic physics is the recent use of a laser trap for making reliable absolute measurements of electron-atom cross sections ͓8͔. As with any tool, diagnostics are essential to understand the operation and characteristics of atom traps. To this end, a variety of techniques are used for measuring parameters such as temperatures ͓9-11͔, spring constants ͓12͔, friction coefficients ͓13͔, densities, spin-polarization ͓14͔, and fluorescence spectra ͓11,15͔.
In this paper we present a method for measuring a previously inaccessible trap parameter, the trap depth, which we define as the energy required to remove an atom from the trap. In general this energy depends on direction of motion of the atom, so the trap depth is anisotropic. The trap depth is important in a number of contexts. For example, ultracold collision studies often detect the collisions by measuring trap-loss rates ͓1͔. Only collisions that transfer energy in excess of the trap depth can be detected by this method. The trap-loss rates due to several types of collision processes depend on the trap depth. The first, ground-state hyperfinechanging collisions, is trap-depth dependent because the energy release can be comparable to the trap depth. For weak Cs or Rb traps, the collisional loss rate rapidly decreases with increasing trap-laser intensity ͓16,17͔, because the increased trap depth at higher intensity no longer allows the atoms that have undergone a ground-state hyperfinechanging collision to escape the trap. The same phenomenon occurs for Li traps, except the collision mechanism involves a change in fine-structure state ͓18,19͔. Another collision process, radiative escape, depends sensitively on trap depth, and that dependence was studied in some detail by Ritchie et al. ͓20͔ , who reported significant disagreements between theory and experiment. These results depended on a theoretical model of the trap depth. Clearly, it would have been advantageous to have direct experimental measurements of the trap depth and its anisotropy. The method for measuring electronscattering cross sections using trap loss relies on the production of traps with very small depths ͓8͔. Finally, the capture velocity for a trap ͓10͔ is also related to its depth.
We recently demonstrated ͓21͔ a collision mechanism, repulsive trap loss, which is directly related to the trap depth. Here we exploit its frequency dependence to measure the trap depth, or, more generally, the escape probability as a function of energy. We apply this to the problem of groundstate hyperfine-changing collisions, and find that atoms can be ejected from the trap only if both atoms change hyperfine states. Figure 1 depicts the mechanism for repulsive trap-loss collisions. As two colliding atoms approach each other, they come into resonance with a ''catalysis'' laser, tuned an amount ⌬ ͑typically several GHz͒ above the atomic resonance frequency 0 , which excites them to a repulsive molecular potential curve. The atoms repel each other, and in much less than one excited-state lifetime they each acquire a kinetic energy of h⌬/2. If this energy exceeds the trap depth, FIG. 1. Mechanism for repulsive trap loss. The ground-state potential curve labeled ͉g;N͘ has been shifted up by one photon energy. Atoms incident on this curve are transferred to one of several possible ͉e;NϪ1͘ curves, and are then accelerated to large enough energies to escape the trap.
PHYSICAL REVIEW A AUGUST 1996 VOLUME 54, NUMBER 2 54 1050-2947/96/54͑2͒/1030͑4͒/$10.00 R1030 © 1996 The American Physical Society the atoms escape the trap. The trap-loss collision mechanism is closely related to other collision processes involving repulsive states, where the energy transfer is smaller ͓22͔. Thus the collisional loss rate induced by the catalysis laser, measured as a function of ⌬, will sharply increase when h⌬Ͼ2E t , where E t is the trap depth. Further increases in ⌬ cause a decrease in the collisional loss rate. This may be explained by noting that at low laser intensity the cross section for repulsive trap loss is ϭR 2 f , where V(R)ϭh⌬ defines the interatomic separation where the laser is resonant with the colliding atoms and f is the excitation probability. We keep f Ͻ0.1 to avoid interesting complications that arise at high intensities ͓21,22͔. For the case of many potential curves, the cross sections for excitation to different curves add. The excitation probability is proportional to the resonant interaction time, while the interaction time is inversely proportional to the slope of the potential dV/dR. Thus ϰR 2 dR/dV. Since both R and dR/dV decrease with increasing ⌬, the collision rate decreases. For an R Ϫ3 potential curve, ϰ⌬ Ϫ2 . Both Landau-Zener ͑LZ͒ ͓21͔ and GallagherPritchard ͑GP͒ ͓23͔ models for ultracold collisions give this result.
We measured the depth of a Rb magneto-optical trap ͑MOT͒. Hoffmann et al. ͓24͔ describe the apparatus in detail. The MOT consists of six laser beams of total intensity I t ϭ2 mW/cm 2 , beam diameter 6.3 mm, tuned typically ⌬ t ϭϪ5
MHz from the 5S 1/2 (FϭIϩ1/2)→ 5 P 3/2 (FЈϭIϩ3/2) transition of either 85 Rb (Iϭ5/2) or 87 Rb (Iϭ3/2). The magnetic-field gradient was 20 G/cm. The trap is loaded directly from a background Rb vapor, confining typically 3ϫ10 6 atoms at a density of 3ϫ10 10 cm Ϫ3 . A tunable single-mode Ti:sapphire laser provided catalysis laser light of 1 -5 W/cm 2 intensity at detunings ⌬ ranging from 0 to 100 GHz to the high-frequency side of the trapping transition. We measured ⌬ with an 8-GHz spectrum analyzer. The catalysis laser was chopped at 1.2 kHz with a duty cycle d that was variable in the range 0-50 %.
The catalysis laser ejects atoms from the trap at a rate ͗␤n͘Nd, where ␤ is the rate coefficient of interest, n is the density distribution of the cloud of trapped atoms, the brackets denote an average over that spatial distribution, and N is the number of trapped atoms. Collisions with hot background atoms or those caused by the trapping lasers also remove atoms at a rate ⌫ t N. Loading at a rate L from the background vapor balances these losses, producing a steady-state number of atoms
In order to determine accurate relative values of ␤ for different catalysis laser detunings, it is necessary to ensure that the density distribution remains constant. We accomplished this by changing d in order to hold N constant. We checked that L was unaffected by the presence of the catalysis laser. Figure 2 shows measurements of ␤ as a function of ⌬ for 85 Rb and 87 Rb. As expected, the trap-loss rate first increases rapidly, then decreases with increasing ⌬. The figure shows that ⌬ must be in excess of 15 GHz for the atoms to escape with high probability. Since the energy h⌬ is divided equally between the two atoms, the trap depth is clearly close to 7.5 GHz. In a MOT, the trap depth is primarily determined by the damping force and the laser beam geometry ͓17,20,25,26͔, with a weak dependence on magnetic field. MOT models give trap depths reasonably consistent with our observations. So far, our discussion of trap depth has been largely model independent, relying on conservation of energy arguments. We now consider extracting further information about the anisotropy of the trap, i.e., the possibility that the trap has different depths for different escape directions. Such anisotropies may arise from a number of sources, including the nonspherical laser-beam geometry, the Gaussian beam profiles, and the anisotropic magnetic field. Assuming R Ϫ3 potential curves, both LZ and GP models predict
for the trap-loss collision rate as a function of detuning at fixed low laser intensity. The escape probability P(E), a function of energy E, is the fraction of the total solid angle for which EϾh⌬. A plot of ␤⌬ 2 vs ⌬ gives P(E). The relation P(ϱ)ϭ1 calibrates the scale for P(E).
The deduced P(E) data for 85 Rb are shown in Fig. 3 
with an energy release of ⌬EϭE HFS , or both do:
with ⌬Eϭ2E HFS . Sesko et al. ͓16͔ and Wallace et al. ͓17͔ ͑Fig. 4͒ found evidence for hyperfine-changing collisions from studying the trap-laser intensity dependence of the traploss rate. The observed steep decrease in trap-loss rate with increasing intensity occurs because the fast atoms resulting from hyperfine-changing collisions are captured by the trap with increasing probability. The indirect detection of the collisions precluded identification of whether ͑3͒ or ͑4͒ was being observed. We chose the parameters of the shallower MOT of Fig. 3 to roughly correspond to those that gave the minimum loss rate for 85 Rb observed by Wallace et al. ͓17͔ in their study of the intensity-dependent trap loss from Rb MOTs. The only significant difference is the larger field gradient, in our case, needed to obtain a higher trapped-atom density. This should not affect the trap depth significantly ͓25͔. Under these trap conditions the MOT captures the 85 Rb groundstate hyperfine-changing collisions. The 87 Rb hyperfinechanging collisions are not completely captured, however. Figure 4 shows that the escape probability is about 0.2, found by taking the ratio of the loss rate at 2.0 mW/cm 2 to the maximum observed loss rate. This agrees very closely with our measurements from Fig. 3 , if we assume that process ͑4͒ is dominant. Indeed, for ⌬ϭ2ϫ6.8 GHz, we deduce an escape probability of 0.23. From this we identify process ͑4͒ as being responsible for the data of Fig. 4 .
As another example of an application for this method, we note that Ritchie et al. ͓20͔ , in their studies of the radiative escape trap-loss mechanism for ultracold Li collisions, constructed a three-dimensional model of the trap depth for their Li trap. They then used this model to compare experimental measurements to two different theories for radiative escape. They found agreement with a simple GP-type theory but disagreed with the more sophisticated theory of Julienne et al. ͓28͔ . Measurements of the escape probability would eliminate the need for the trap-depth model, making the comparison between theory and experiment more direct.
When Rb, with additional assumptions it is still possible to extract the escape probability, albeit with less certainty. To do this, we note that ␤(⌬)ϭ P(h⌬/2)F(⌬), where F(⌬) is the repulsive trap-loss rate that would be measured if the escape probability were unity. Assuming the F(⌬)ϳ⌬ Ϫ1.3 dependence seen at large ⌬ extends to small ⌬ as well, we obtain the escape probability using P(h⌬/2)ϰ⌬ measure of the trap depth results directly from conservation of energy. Further analysis gives the escape probability as a function of energy. We demonstrated this with a conventional MOT, but the method should also work with other types of light-force traps, such as spin-polarized traps ͓14͔ and the optical pumping trap ͓29͔.
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